In a warming climate, higher temperatures are likely to modulate positively or negatively the effect of other environmental factors on biota, although such interactions are poorly documented. Here, we explore under controlled conditions the combined effects of two common stressors in freshwater ecosystems, higher temperature and sediment load, on the embryonic development of arctic charr (Salvelinus alpinus L.). In the warm treatment, embryos had a lower survival, a longer incubation period and a smaller body size with a bigger yolk sac volume. Our data show a significant interaction between temperature and sediment load with temperature increasing dramatically the negative effects of sediment load on fitness-related traits. In the climate change context, these findings highlight the importance of taking into account different thermal scenarios when examining the effect of environmental or anthropogenic stressors.
Introduction
Freshwater ecosystems offer numerous services to human societies but are nowadays facing multiple stressors and are generally threatened [1] . Impacts of stressors including higher temperatures, reduced dissolved oxygen concentrations or water pollution have been largely considered separately but a growing body of literature shows that they may combine in various manners, including additive, antagonistic or synergistic interactions [2, 3] . In a multiple stressors context, understanding how distinct pressures interact is critical to predict their consequences on ecosystems and develop efficient management and risk assessment tools [4] .
Temperature is a key driver of many biological processes in aquatic ecosystems. In ectotherms (i.e. most aquatic organisms), temperature directly influences metabolism, development and growth rates and energy allocation to maintenance and synthesis, and subsequently determines body size and age at maturity [5] . Temperature also drives major physico-chemical processes, including the solubility of gases such as oxygen. As climate warms, average water temperature increases following air temperature, and analysing the role of temperature in modulating other stressors is a key issue that remains poorly explored [6, 7] .
Fine sediments, a common pressure in freshwaters, are a major stressor for incubating eggs and yolk sac alevins of benthic spawners such as salmonids [8] . Sediments may clog up substrate, rendering the environment hypoxic around the egg [9] . Effects of temperature-hypoxia interactions have often been demonstrated in fishes (review in [10] ), yet most studies assessed such effects on metabolic rates solely, and none addressed their impact on early life-history traits (LHT) or the interaction between temperature and sediment-induced hypoxia.
Here, we investigate the individual and combined effects of temperature and sediments on embryonic LHT in arctic charr (Salvelinus alpinus L.) under experimental conditions. Considering that (i) high temperatures are associated with an increased aerobic metabolic demand and (ii) increased sediment loads reduce oxygen availability, we predicted that the two pressures combined would alter embryo performance synergistically.
Material and methods (a) Study species
The arctic charr is a stenothermic cold-water salmonid that requires temperatures under 88C for optimal spawning and egg incubation [11] . Spawning grounds consist of stones and gravels, which can be clogged with sediments [12] . In Lake Geneva (lat. 46825 0 59.99 00 N, long. 6832 0 59.99 00 E, France/Switzerland), at the southern edge of the species' distribution, temperature records in historical spawning grounds range from 5.28C to 7.18C [13] but recent observations show that temperature may frequently reach 88C during spawning season (electronic supplementary material, S1).
(b) Experimental design
Eggs were obtained from spawners of the Thonon-les-Bains INRA station broodstock, originating from the Lake Geneva wild population with no wild fish input since 1995. Four males and four females were crossed to produce four independent full-sib families. Thirty ova were collected per female and their dry weights were measured. Remaining ova were fertilized at 58C and then individually distributed into 24-well cell culture microplates (Nunc MicroWell TM ), a common experimental incubating system for fish eggs (electronic supplementary material, S2 [14, 15] ).
(i) Sediments
We created five sediment treatments corresponding to sedimentation rates observed in Lake Geneva [16] : 0, 0.007 (sediment load 1), 0.014 (load 1 Â 2), 0.029 (load 1 Â 4), 0.059 (load 1 Â 8) and 0.12 (load 1 Â 16) g 21 cm 22 per three months (a three month period roughly encompasses the duration of arctic charr egg incubation in the lake). Sediments were collected by decanting water pumped at 51 m deep in Lake Geneva, around 1 m above the lake bed. For the sake of reproducing field conditions, we kept the less than 200 mm grain-size fraction as it constituted more than 95% of collected sediments, and consisted mainly of silty and clayey particles. Sediments were oven-dried (608C for 72 h), resuspended in mineral water (Volvic q ) and 2 ml of a solution of each sediment load was distributed in microplate wells.
(ii) Temperature
Microplates were separated into two identical batches and incubated in climate chambers at either 58C (5.10+ 0.0628C) or 8.58C (8.66 + 0.0488C), 58C being optimal for arctic charr egg development and survival, and 8.58C being supposedly stressful [11] . For each temperature-sediment combination, we used duplicates of 12 eggs per family randomly distributed on a rack (total ¼ 1152 eggs).
(iii) Life-history traits
Survival was estimated as the per cent of hatched embryos from the total initial number of eggs. Incubation period was calculated as a development rate [17] in accumulated degree days (ADD) from fertilization to hatching: ADD ¼ mean daily temperatureÂnumber of days since fertilization. Each newly hatched fish was anaesthetized with 0.35 ml per litre eugenol (clove oil diluted 1 : 10 into 95% ethanol) and photographed (Nikon D5300 and Nikon DX 18-105 mm lens). Length and yolk sac volume (YSV) were measured using IMAGEJ (http://rsbweb.nih.gov/ij/download.html). Length was measured from the snout to the end of the tail (total length), and YSV was calculated as assuming the shape of an ellipsoid:
2 (with L, major axis and H, minor axis [18] ).
(c) Statistical analyses
The relationship between LHT and treatments was analysed using linear mixed models with the lme4 package [19] in R [20] . Length at hatching, YSV and incubation period were log-transformed and analysed with a Gaussian error distribution whereas survival was analysed with a binomial error distribution. Temperature, sediment load and temperature Â sediment interaction were set as fixed effects. Average egg dry weight per female was included as a fixed covariate. Similarly, incubation period was included as a fixed covariate in the length and YSV models. Family and plate position were set as random effects. All models were fitted under maximum-likelihood estimation. Residuals were checked graphically and did not deviate from assumptions of normality and homoscedasticity. The significance of each explanatory variable was tested with likelihood ratio tests comparing models including or not the variable of interest. Critical p-values were set at 0.05. All means are presented as +standard error of mean. To estimate pairwise differences in sediment treatments between thermal groups, we performed Tukey's post hoc tests using the lsmeans library [21] .
Results
Temperature significantly influenced survival at hatching with lower survival rates at 8.58C than 58C (x 2 ¼ 517.52, and hatching was delayed with increasing sediment load (x 2 ¼ 354.37, p , 0.001) in both thermal groups (figure 1b).
The temperature Â sediment interaction (x 2 ¼ 13.3, p , 0.001) was significant for every sediment load (figure 1b). Hatched embryos were longer at 58C than at 8.58C (13.7 + 0.7 mm and 12.7 + 0.6 mm, respectively, figure 1c; , figure 1d ). Only temperature and egg weight were retained in the final model, and both effects were significant (table 2).
Discussion
Higher temperatures were associated with higher mortality, longer incubation period in ADD, smaller embryo size and bigger YSV compared with individuals from the cold treatment. These findings are in accordance with previous studies on the impact of temperature [11] on fish egg development, notably in salmonids.
In addition, increasing sediment load led to lower survival rates, delayed hatching and smaller alevins with similar YSV, reflecting a lower conversion efficiency of yolk into tissues. The possible modes of action of sediment are manifold: it can smother the surrounding environment and render it hypoxic [8] ; form a thin layer around the egg, thus restricting gas flux through the egg membrane [9] ; contain microbial communities that can compete for oxygen [8] ; and induce a pathogenic stress [9] . In our experiment, environmental constraints seemingly induced a partitioning of yolk reserves towards metabolic maintenance instead of growth, which ultimately delayed hatching. Both lower survival and delayed hatching following hypoxia or pathogen exposure have been documented in other salmonids [15, 22] .
Most interestingly, our study demonstrates for the first time that temperature exacerbates the impact of sediments on fish embryonic LHT, as reflected by the significant effects of sediment load on survival in the warm group. Regardless of the mode of action, this suggests a synergistic interaction and the existence of a critical threshold of sediment tolerance when embryos experience both stressors in combination. As both factors affect embryos via aerobic metabolism, a combined rsbl.royalsocietypublishing.org Biol. Lett. 12: 20160745 rsbl.royalsocietypublishing.org Biol. Lett. 12: 20160745 exposure will reduce the aerobic scope (i.e. the difference between basal and maximal oxygen consumptions, which represents the capacity to fuel critical functions) and involve complex mechanisms to respond to oxygen demand through modulation of ventilatory and cardiovascular functions. In salmonids, oxygen availability is likely to be critical in determining response to thermal stress [10] . Environmental conditions experienced during development do greatly influence later life-history trajectories, performances and reproductive success [23] . In fish, smaller juveniles have a lower overall fitness than their larger conspecifics [18] . Emergence at a smaller size with a bigger YSV is associated with reduced swimming performance, high vulnerability to predators, as well as a reduced ability for intraspecific competition [24] . Hence, consequences later in life are expected and should be further explored.
Overall, our results demonstrate a synergistic interaction between temperature and sediment load, such that moderate exposure to sediments that would not be considered as stressful independently of temperature can have dramatic impacts on the embryonic development and survival of arctic charr. As we used a range of sediment loads naturally experienced by the species in Lake Geneva, our findings have important implications for the conservation of this population. In the light of the climate change context, these results advocate the necessity for future studies to re-examine the effects of common stressors in freshwaters under different thermal scenarios.
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